ABSTRACT Selenium (Se) is an essential micronutrient involved in important metabolic functions for all vertebrate species. As Se is reported to have a narrow margin between essentiality and toxicity, there is growing concern surrounding the adverse effects of elevated Se exposure caused by anthropogenic activities. Recent studies have reported that elevated dietary exposure of fish to selenomethionine (Se-Met) can alter aerobic metabolic capacity, energetics and swimming performance. This study aims to further investigate mechanisms of sublethal Se-Met toxicity, particularly potential underlying cardiovascular implications of chronic exposure to environmentally relevant concentrations of dietary Se-Met in adult zebrafish (Danio rerio). Adult zebrafish were fed either control food (1.1 lg Se/g dry mass [d.m.]) or Se-Met spiked food (10.3 or 28.8 lg Se/g d.m.) for 90 d at 5% body weight per day. Following exposure, ultrahigh resolution B-mode and Doppler ultrasound was used to characterize cardiac function. Chronic dietary exposure to elevated Se-Met significantly reduced ventricular contractile rate, stroke volume, and cardiac output. Exposure to Se-Met significantly decreased mRNA expression of methionine adenosyltransferase 1 alpha and glutathione-S-transferase pi class in liver, and a key cardiac remodelling enzyme, matrix metalloproteinase 2, in adult zebrafish heart. Se-Met significantly increased echodensity at the junction between atrium and ventricle, and these results combined with increased matrix metalloproteinase 2 expression are consistent with cardiac remodelling and fibrosis. The results of this study suggest that chronic exposure to dietary SeMet can negatively impact cardiac function, and such physiological consequences could reduce the aerobic capacity and survivability of fish.
Selenium (Se) is an essential micronutrient involved in important metabolic and physiological functions in all vertebrate species. Se is known to have a narrow margin between essentiality and toxicity, particularly in oviparous vertebrates such as fishes (Janz et al., 2010) . Under normal physiological conditions, fish require dietary concentrations of 0.1 to 0.5 lg Se/g dry mass (d.m.) to maintain normal selenoprotein function, however toxicity has been shown to occur at concentrations exceeding 3 lg/ g d.m (Janz, 2012) . Se is commonly found in areas of sedimentary rock depositions, in particular phosphate, black shale and coal deposits (Maher et al., 2010) , and naturally enters aquatic environments in relatively low concentrations (Maher et al., 2010) . Petroleum refineries, mining and agricultural industries, as well as coal-fired power plants are all areas of economic importance that can exacerbate the loading of Se into the environment by manufacturing waste by-product generation (Janz, 2012; Lemly, 2004; Maher et al., 2010) . Inputs of inorganic Se are taken up by primary producers and microorganisms, then biotransformed into organoselenoproteins, predominantly selenomethionine (Se-Met) and selenocysteine (Fan et al., 2002) . Trophic transfer of organic Se amongst primary consumers, secondary consumers and finally higher order consumers including birds, fish, and humans occurs primarily through dietary pathways. Se-Met is the principal dietary source of Se available to fish (Fan et al., 2002) , and due to the structural similarity between Se-Met and the amino acid methionine, Se-Met can avoid biotransformation and be directly integrated into any methionine-containing protein in a non-specific, dose-dependent manner (Behne et al., 1991) . Due to its biotransformation to selenoxides, such as methylselenol, excessive Se-Met uptake has been shown to cause oxidative stress in vitro (Palace et al., 2004; Spallholz et al., 2004) . Although it is generally agreed that protein dysfunction and oxidative stress are the main mechanisms underlying Se toxicity, fish exposed to excess Se in the form of selenite or Se-Met have also shown impaired cellular methylation (Ma et al., 2012; Thomas et al., 2013) .
Using zebrafish (Danio rerio) as a model test organism, elevated exposure to Se-Met has previously been reported to alter aerobic metabolic capacity, respiration, energy homeostasis, swimming performance, and cause a greater incidence of early life stage deformities and mortalities (Arnold et al., 2016; Tashjian et al., 2006; Thomas and Janz, 2011; Thomas et al., 2013) . However, there is a lack of research investigating the potential role of cardiovascular dysfunction associated with such responses in fishes exposed to elevated dietary Se exposure. Cardiac activity is regulated in response to changes in oxygen supply and demand, and previous studies (Scott and Sloman, 2004; Thomas and Janz, 2011; Thomas et al., 2013) have shown that the oxygen consumption (MO 2 ) of fishes exposed to Se were consistently greater than that of control fish. Advances in high frequency ultrasound biomicroscopy have proven to be an accurate, noninvasive approach to visualize fish cardiac function in vivo . Natural and anthropogenic stressors have been shown to alter both metabolic energy expenditure and storage, as well as impair the physiological stress response in fishes (Mommsen et al., 1999; Thomas and Janz, 2011; Thomas et al., 2013; Wiseman et al., 2011) . Thus, impairment of these key physiological responses may cause a downstream cascade effect on important physiological functions, including the cardiovascular system.
Glycogen and triglycerides are the 2 main forms of energy stored in fish and are predominantly used in burst and prolonged swimming, respectively (Hammer, 1995; Moyes and West, 1995) . Fish collected from Se-contaminated sites, as well as those fed a range of excess Se-Met in controlled laboratory settings exhibited elevated levels of stored glycogen and triglycerides (Bennett and Janz, 2007; Thomas et al., 2013; Wiseman et al., 2011) . Inadequate mobilization of these energy stores could lead to impaired swimming, but also cardiovascular disease.
The overall goal of this study was to further investigate sublethal mechanisms of Se toxicity in adult zebrafish, particularly potential underlying cardiovascular and metabolic implications of chronic exposure to environmentally relevant concentrations of dietary Se-Met. Cardiac function was assessed in vivo using ultrahigh resolution ultrasonography, followed by quantification of energy stores in muscle and mRNA transcript abundance of selected genes involved in aerobic metabolism, cardiac function, oxidative stress, and cellular methylation.
MATERIALS AND METHODS
Test compound. Seleno-L-methionine (>98% purity) was purchased from Sigma-Aldrich (Oakville, Ontario, Canada).
Test species. Adult zebrafish were purchased from a local supplier and housed in an environmental chamber with controlled temperature (28.0 C 6 1.0 C) and photoperiod (14-h light: 10-h dark). Zebrafish were randomly selected from an existing colony and placed into three 40 l glass aquaria (32 fish/tank) with continuous aeration and particulate, charcoal, and ammonia biofilters. Fish were then acclimated for 2 weeks to these conditions and fed Nutrafin basic flake food (Hagen Inc., Montreal, Quebec, Canada) twice daily prior to the beginning of the dietary exposure. Experiments were conducted according to procedures approved by the University of Saskatchewan Animal Care and Use committee according to the Canadian Council on Animal Care guidelines.
Diet preparation. Nominal concentrations (10 and 30 mg/g d.m.) of Se in the form of Se-Met were dissolved in nanopure deionized distilled water, added to ground Nutrafin flake food, and mixed thoroughly for approximately 20 min. The control diet was made by replicating the above process with an equal volume of water, without the addition of Se-Met. Water was removed from all the diets using a freeze dryer (Dura-DryTM MP, FTS Systems, Stone Ridge, New York, USA). Freeze dried diets were then crushed into flakes with a mortar and pestle, and stored at À20 C for the remainder of the experiment. Sub-samples of each diet were collected for total Se analysis using inductively coupled plasma-mass spectrometry (ICP-MS) at the Toxicology Centre (University of Saskatchewan, Saskatoon, SK, Canada).
Feeding exposure. Each treatment group consisting of 32 fish was fed twice daily (5% body weight/day ration) with either control or Se-Met spiked diets for 90 days. Throughout the exposure, fish were allowed to feed for approximately 2 h, after which all excess food was siphoned, and 75% water renewals were performed in each aquarium every 2 days. Following the 90 days exposure, n ¼ 3 fish from each treatment were randomly selected, euthanized with an overdose of tricaine methanesulfonate (MS 222; 1 g/l) followed by spinal severance and stored at À80 C for subsequent whole body Se analysis. In addition, n ¼ 12 fish from each treatment were randomly selected for cardiac ultrasonography as described in "Cardiovascular endpoint evaluation" Section. All remaining fish were euthanized, and heart, liver, and dorsal muscle were dissected. Heart and liver samples were placed in RNAlater (Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA) prior to À80 C storage and were used for mRNA analysis of genes of interest using quantitative reverse transcriptase polymerase chain reaction (qRT-PCR). Muscle samples were placed in À80 C storage and used for quantification of metabolic energy stores (glycogen and triglycerides; see "Determination of triglyceride and glycogen stores" Section). Prior to dissection and storage, fish morphometrics (total length, body weight and condition factor) were determined for all fish.
Total Se analysis. Food and whole body zebrafish samples were lyophilized using a freeze dryer and homogenized using a tissue homogenizer (BioSpec Products, Bartlesville, Oklahoma, USA). Moisture content of whole body zebrafish was 72.5% 6 1.7%. 100 mg aliquots were cold digested in Teflon vials with 5 ml of ultra-pure nitric acid and 1.5 ml of hydrogen peroxide. Upon digestion, samples were evaporated on a hot plate (<75 C), reconstituted in 5 ml of 2% ultrapure nitric acid, and stored at 4 C until ICP-MS analysis could be performed to determine total Se concentrations. A method detection limit of 0.7 mg Se/g d.m. was determined using method blanks, and the recovery of Se (100.8% 6 6.3%) was determined using a certified reference material (TORT-2, lobster hepatopancreas, NRC, Ottawa, Ontario, Canada) . Prior to ultrasonography, fish were placed ventral side up in a small foam holder submerged in a container with continuous flow of aerated water under light anesthesia (15 mg/l) of Aquacalm (metomidate hydrochloride). Temperature was maintained at normal zebrafish housing temperature of 28 C 6 0.7 C using a heated recirculating water bath. A handheld transducer was then used to produce acoustic pulses up to 75 MHz toward the body cavity of zebrafish, producing real-time in vivo short-axis and longaxis imaging at a resolution of 30 lm. B-mode images were collected and used to determine outer ventricular volume at systole and diastole (minimum of 3 images for each view at each stage of the cardiac cycle averaged per fish) using Simpson's rule of discs (Mercier et al., 1982; VisualSonics, 2008) . Briefly, 3 different short axis views of the ventricle were used to calculate circular area (A 1 , A 2 , A 3 ). The ventricular length (l) from a long axis view was then measured and divided by the total number of short axis views (3) to give the height (h ¼ 1/3) of each ventricular disk and used to calculate end systolic (ESV) and diastolic volumes (EDVs) using the Simpson's rule equation: (Mercier et al., 1982) ESV was then subtracted from EDV to give ventricular stroke volume (V S ). All volume (EDV, ESV, V S ) and cardiac output data were also corrected for individual fish body weight.
Ventricular and atrial contractile rates were calculated by counting individual beats in 5 s B-mode ultrasound video loops, then converting to beats per minute (BPM).
Cardiac output (Q) was then calculated using ventricular contractile rate (f H ) and (V S ):
In addition, in order to evaluate efficiency of atrial excitation to travel through the atrioventricular (AV) node to excite the ventricles, atrial contractile rate was divided by ventricular contractile rate to calculate the AV ratio. In ideal physiological conditions, this value should be equal to 1.0:
Finally, because B-mode imaging in preliminary experiments suggested that Se-Met may have altered echodensity of the zebrafish heart (tissues showing greater white values using B-mode imaging), Image-Pro Express 6.0 (Media Cybernetics Inc., Bethesda, Maryland, USA) was used to quantify integrated optical echodensity surrounding the AV valve. Such altered echodensity is indicative of either increased calcification, such as would be the case for bone, or increased levels of fibrotic or calcified soft tissue, as is the case in cardiac tissue (DiBello et al., 1995) . For these analyses, a minimum of 3 images per fish were analyzed in the same long-axis view at end-diastole, following calibration of gray-scale from 0% to 100% density (complete black or echotransparent to complete white or echo-opaque). Perimeters around areas showing greater white (echodense) areas were then hand-drawn, and integrated optical density of those areas were calculated.
Determination of triglyceride and glycogen stores. Concentrations of muscle triglycerides were determined upon completion of the 90-day exposure using a kit prepared by Sigma-Aldrich (Oakville, Ontario, Canada) based on a lipase and glycerol kinase colorimetric assay, which has been previously validated for measuring triglycerides in whole fish homogenates in our laboratory (Bennett and Janz, 2007; Weber et al., 2003) . Standard curves were prepared using a glycerol solution.
Concentrations of muscle glycogen were analyzed upon completion of the 90-day exposure using an amylase and glucose oxidase-based colorimetric assay, which has been validated in our lab (Weber et al., 2008) . Reagents for the assay were purchased from Sigma-Aldrich. Standard curves were prepared using purified Type IX bovine liver glycogen.
Gene expression analysis. Expression of mRNA transcript abundance of genes coding for proteins of interest were quantified by use of qRT-PCR. Total RNA was extracted from muscle using RNeasy Lipid Tissue Mini Kit (Qiagen, Mississauga, Ontario, Canada) and from liver and heart using the RNeasy Plus Mini Kit (Qiagen). Purified total RNA was then quantified using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, Delaware, USA). The purified RNA samples were stored at À80 C until synthesis of cDNA. Firststrand cDNA synthesis was performed using a QuantiTect Reverse Transcription Kit (Qiagen) from 1 lg total RNA. The cDNA samples were stored at À20 C until further analysis.
qRT-PCR was performed in 96-well plates by use of an ABI 7300 Real-Time PCR System (Applied Biosystems, Foster City, California, USA). The sequences of gene specific primers were designed against target genes by use of PrimerBlast software (NCBI Biosystems, Bethesda, MD, USA), and are shown in Supplementary Table 1. A separate 45 ll PCR reaction mixture consisting of Power SYBR Green master mix (Applied Biosystems), cDNA, gene specific primers, and nuclease free water was prepared for each cDNA sample and primer pair. A final reaction volume of 20 ll was transferred to each well and reactions were performed in duplicate, with n ¼ 10 individual liver and muscle samples, and n ¼ 5 pooled heart samples (3 hearts/ sample) per treatment. The PCR reaction mixture was denatured at 95 C for 10 min before the first PCR cycle. The thermal cycle profile was performed as follows: denature for 10 s at 95 C and extension for 1 min at 60 C for a total of 40 PCR cycles.
Optimal PCR conditions were established by determining the efficiency of each PCR assay with a standard curve of serially diluted cDNA standards. Target gene mRNA abundance was quantified by normalizing to the expression of elongation factor 1a according to the mean normalized expression method of Simon (2003) .
Statistical analysis. Data were tested for normality using the Shapiro-Wilk test and homogeneity of variance with the Levene test using SYSTAT 11 (SPSS Inc., Chicago, Illinois, USA). Oneway analysis of variance (ANOVA) followed by Fisher's least significant difference (LSD) post hoc test was used to determine significant differences among Se-Met treatments from the control group. All statistical tests used an alpha value of 0.05 to be considered statistically significant. Data are presented as mean 6 SEM.
RESULTS

Se Analysis
Total Se concentrations in food and whole body zebrafish are shown in Table 1 
Fish Mortalities and Morphometrics
Mortalities in control, 10.3 and 28.8 mg Se/g d.m. fed fish groups after 90 days were similar among groups, being 6.5%, 15.6%, and 9.4%, respectively (Table 2) . Total fish length in control and SeMet spiked diets ranged from 3.7 to 4.9 cm and body mass of fish ranged from 0.7 to 1.9 g (Table 2 ). Condition factor (100 Â body weight/length 3 ) for control and Se-Met exposed fish ranged from 1.19 to 1.21 (Table 2 ). There were no statistically significant differences in any of the morphometric measures among exposed and control fish at the end of 90 days treatment.
Cardiovascular Function
Dietary Se-Met exposure had a pronounced effect on adult zebrafish cardiac function. Representative B-mode long axis view and colour Doppler flow sonograms as seen in Figure 1 were used to determine all cardiovascular endpoints. Although no significance was seen in ESV between treatments, EDV was significantly decreased (p < .05) in fish fed 28.8 mg Se/g d.m. (2.9 6 0.3 ml/g) when compared with control (4.0 6 0.3 ml) ( Figs. 2A  and B) . Ventricular contractile rate was significantly decreased (p < .05) in fish fed 28.8 mg Se/g d.m. (122.6 6 5.1 BPM) compared with control (140.3 6 4.2 BPM) ( Figure 2C ), while atrial contractile rate (data not shown) and ratio of atrial to ventricular contractile rates (AV ratio; Figure 2D ) both remained unchanged. Stroke volume was significantly decreased (p < .05) in fish from the highest exposure group compared with the control (0.97 6 0.08 and 1.36 6 0.15 ml/g, respectively) ( Figure 2E ). Fish from the high Se-Met exposure group also showed a significant decrease (p < .05) in cardiac output (127.5 6 9.6 ml/min/g) when compared with the control group (180.6 6 18.4 ml/min/g) ( Figure 2F) .
Representative sonograms are shown for control ( Figure 3A ) and 28.8 lg Se/g d.m ( Figure 3B ) groups in long-axis B-mode, showing an increase in echodensity (increased whiteness) at the junction between the atrium and the ventricle. Higher echodensity in cardiac tissue is associated with increased fibrosis or soft tissue calcification as has been previously reported in human diabetic hearts (Dibello et al., 1995) . Quantification of the echodensity using integrated area of echodensity at the junction between the atrium and ventricle, surrounding the AV valve, showed significantly greater (p < .001) values in fish from the 10.3 and 28.8 mg Se/g d.m. treatments compared with the control (19.2 6 1.4, 18.9 6 1.5, and 12.3 6 0.7, respectively) ( Figure 3C) . A significant decrease in mRNA abundance in heart of the cardiovascular remodeling protein matrix metalloproteinase 2 (MMP2) was observed in the 28.8 lg Se/g d.m. group when compared with the control (p < .05; Figure 3D ). The velocity of blood flowing through the AV valve during active atrial ejection was quantitated using pulsed wave Doppler and a representative Doppler sonogram is shown ( Figure 3E ). Quantitative analyses of the pulsed wave Doppler sonograms showed that velocity of the blood travelling through the AV valve during active atrial ejection was significantly lower (150.7 6 8.8 mm/s) in the 28.8 mg Se/g d.m. group compared with control (209.6 6 11.7 mm/s) ( Figure 3F ).
Energy Storage and Metabolic Enzyme mRNA Expression
Skeletal muscle and liver are the 2 tissues where glycogen and triglycerides are most abundantly used as metabolic stores in fish. These tissues are both highly metabolically active and were examined further for bioenergetic status. Due to limited organ size, only skeletal muscle energy stores were quantified. Muscle glycogen concentrations in fish fed 10.3 and 28.8 mg Se/g d.m. (4.4 6 0.6 and 5.3 6 0.8 mg/g, respectively) were significantly greater (p < .05) compared with control fish (1.8 6 0.3 mg/g) ( Figure 4A ). Muscle triglyceride concentrations in fish fed 1.1, 10.3, and 28.8 mg Se/g d.m. were 2.2 6 0.1, 2.2 6 0.2, and 2.6 6 0.3 mg/g and no significant differences were observed among treatment groups ( Figure 4B ). Genes associated with energy homeostasis (b-hydroxyacyl coenzyme A dehydrogenase [HOAD] and citrate synthase [CS]), were quantitated in liver and skeletal muscle using RT-qPCR. A significant increase in liver, but not muscle, CS transcript abundance was observed in the 28.8 lg Se/g d.m. exposure group when compared with the control (p < .05, Figure  4C ). mRNA transcript abundance of HOAD was significantly reduced in both muscle and liver in the 10.3 and 28.8 lg Se/g d.m. exposed groups when compared with the control (p < .05; Figure 4D ).
Gene Expression of Se-Associated and Antioxidant Enzymes
Hepatic mRNA transcript abundances of cellular methylation reactions (methionine adenosyltransferase 1 alpha [MAT1A]), and Se transport (selenoprotein P [SEPP1a]) were determined. SEPP1a is synthesized in the liver and acts as the primary Se transport protein, and mRNA transcript abundance in liver increased in a dose dependent manner, with significantly greater expression observed in the 28.8 lg Se/g d.m. treatment compared with control (p < .05, Figure 5A ). A significant decrease in liver MAT1A mRNA transcript abundance was observed in both 10.3 and 28.8 lg Se/g d.m. treatment groups compared with the control ( Figure 5B ). Gene expression of selected antioxidant enzymes (glutathione peroxidase 1A [GPX1A] and glutathione-S-transferase pi class [GST-pi]) were determined using RT-qPCR. A significant decrease in GST-pi mRNA abundance in heart was observed in the 10.3 lg Se/g d.m. group (p < .05; Figure 6A ). There were no significant differences in GPX1A mRNA abundances among treatments for liver and heart, although there was a trend for a dose-dependent increase in liver and decrease in heart ( Figure 6B ).
DISCUSSION
To our knowledge, the present study was the first to investigate cardiovascular effects of chronic dietary Se exposure in adult fish. The most notable finding of this study was that environmentally relevant Se-Met exposure significantly impaired overall cardiac function in adult zebrafish. These effects included reduced stroke volume (the volume of blood pumped in each individual cardiac contraction), decreased ventricular contractile rate, and most notably, a decrease in cardiac output (the volume of blood pumped per minute). This would result in insufficient blood being ejected, thus reducing the amount of oxygen and nutrients being delivered to tissues (Olson and Farrell, 2006) , causing further physiological impairment. Previous studies exposed zebrafish to similar dietary Se-Met concentrations and observed significant increases in oxygen consumption (MO 2 ), and reduced swim performance (U crit ), which were interpreted as reduced aerobic capacity Thomas et al., 2013) . Cardiac activity is normally regulated in response to changes in oxygen supply and demand. Thus, greater cardiac output would be predicted in the elevated Se-Met exposed zebrafish based on higher oxygen demand, whereas we instead observed reduced cardiac output in the 28.8 mg Se/g d.m. treatment.
The underlying mechanisms for the observed cardiotoxicity are not clear, however 2 hypotheses can be proposed. As mentioned earlier, excessive Se-Met uptake is closely linked to toxicity due to its transformation to toxic reactive oxygen species between the atrium and the ventricle surround the AV valve (V, ventricle; A, atrium). Higher echodensity is associated with increased fibrosis or soft tissue calcification. Gain (contrast) settings were equal between frames and treatments. Quantitation of the echodense areas using integrated optical density is shown in (C). Data are mean 6 SEM of n ¼ 12-16 fish/group. mRNA abundance of the gene associated with cardiac remodeling is shown in (D), MMP2 in heart. Data are mean 6 SEM of n ¼ 10 fish/group. Transcript abundance was determined by quantitative real-time PCR. *Significantly different from control group using 1-way ANOVA followed by Fisher LSD post hoc test (p < .05). E, representative pulsed wave Doppler at AV valve, F, active atrial ejection velocity, measured as velocity of blood flow through the AV valve. Data are mean 6 SEM of n ¼ 12 fish/group. *Significantly different from control group using 1-way ANOVA followed by Fisher LSD post hoc test (p < .05). . In a normal healthy heart, each atrial beat should send electrical excitation to the ventricle to generate a corresponding excitation/contraction. Thus, the ratio of atrial to ventricular contractile rates (AV ratio) should equal 1, but will increase if electrical conduction through the AV node is impaired. The cardiovascular system, and particularly the cardiac zERG (or human equivalent-hERG) channel, is known to be susceptible to impairment by oxidative stress (Vandenberg, 2010; Zhang et al., 2006) . It has been demonstrated that deletion of delayed rectifier potassium channels (zERG) in zebrafish can lead to AV block as indicated by increased atrial/ventricular ratio (Langheinrich et al., 2003) as well as cardiac arrhythmias (Sanguinetti and Tristani-Firouzi, 2006 ). In the current study, because the AV ratio was not significantly different, but ventricular rate was significantly decreased, we cannot exclude the possibility that AV blockade might have been detected with a higher sample size, but further studies are needed (Andersson et al., 2011) .
In order to investigate the hypothesis that oxidative stress was involved in cardiotoxicity, specific mRNA markers of interest (GST-pi class and GPX1A) were determined. Unexpectedly, mRNA transcript abundance of GST-pi class was significantly down-regulated in heart of zebrafish exposed to 10.3 mg Se/g d.m., and there was an overall trend for downregulation of GST and GPX1A at the highest dietary dose. Since catabolism of SeMet has been reported to cause oxidative stress in fish (Palace et al., 2004) , we would predict an upregulation of GST-pi and GPX1A if the zebrafish heart was able to compensate for oxidative stress. Since we observed decreased GST-pi expression in cardiac tissue, but not liver, this suggests the heart may have been particularly vulnerable to increased damage from reactive oxygen species. Transcript abundance was determined by quantitative real-time PCR. Data are mean 6 SEM of n ¼ 10 fish/group. *Significantly different from control group using 1-way ANOVA followed by Fisher LSD post hoc test (p < .05).
A second possible explanation for the observed Se-Metinduced cardiac impairment could be due to ventricular fibrosis. The significant increase in echodensity at the junction between the atrium and ventricle surrounding the AV valve are consistent with changes reported in human diabetic hearts, which was associated with cardiomyopathy and increased fibrosis or stiffening (Dibello et al., 1995) . Fibrotic cardiac tissue would impair blood movement from the atrium to the ventricle, resulting in reduced EDV, and this agrees with observations in this study. The decrease in blood velocity through the AV valve during atrial ejection coupled with the observed decreases in stroke volume and cardiac output in the highest Se-Met group suggests that contractility may also be impaired by the process in zebrafish. Furthermore, significant down-regulation of MMP2 mRNA transcript abundance was observed in hearts of the elevated SeMet exposed fish. MMPs are a class of proteolytic enzymes that have important vascular and cardiac remodeling properties (Seliktar et al., 2001) . Decreased cardiac MMP expression has been reported along with increased collagen content (fibrosis) in rainbow trout heart (Keen et al., 2016) , and interestingly, similar fibrotic lesions have been reported in the human diabetic heart (Russo and Frangogiannis, 2016) . Although no previous information is known regarding cardiac remodelling or fibrotic processes, impaired cardiac function, or arrythmias after Se exposure in adult fish, this clearly requires further investigation.
The Se diets in the present study were environmentally relevant, and were based on previous reports of sublethal toxicities in adult zebrafish (Raine et al., 2016; Thomas and Janz, 2011; Thomas et al., 2013) . In addition, similar whole body Se concentrations have been reported in fish collected from Se impacted sites (Fan et al., 2002; Hamilton, 2004; Lemly, 1997; Muscatello et al., 2006; Muscatello and Janz, 2009) . Whole body Se concentrations increased in a dose-dependent manner, and the 28.8 mg Se/g d.m. treatment (9.2 mg Se/g d.m.) was slightly greater than the 2016 U. S. Environmental Protection Agency (USEPA) whole body criterion of 8.5 mg Se/g d.m. (USEPA, 2016) . Previous studies reported similar whole-body concentrations in zebrafish exposed to dietary Se-Met . In addition, liver mRNA transcript abundance of SEPP1a was significantly up-regulated in the 28.8 mg Se/g d.m. treatment compared with the control. SEPP1a is synthesized in the liver and acts as the primary Se transport protein, binding approximately 50% of circulating plasma Se (Gladyshev, 2012; Papp et al., 2007) . Thus, it appears that the dose-dependent increase in SEPP1a mRNA transcript abundance amongst treatments is related to elevated Se transport in the bloodstream.
In addition to the cardiovascular effects of elevated dietary Se-Met exposure, we observed elevated levels of stored glycogen in fish fed >10.3 mg Se/g d.m. This could be due to impaired energy homeostasis, caused by modifications of aerobic and metabolic enzyme activities (McGeer et al., 2000; Scott et al., 2002) . In order to investigate potential mechanisms of metabolic dysfunction, mRNA transcript abundance of key aerobic energy metabolizing enzymes, CS and HOAD were determined. HOAD is an important mitochondrial enzyme involved in b-oxidation of fatty acids, whereas CS is a key enzyme involved in the citric acid cycle and is used as an index of aerobic metabolic activity (Rajotte and Couture, 2002) . In this study, elevated dietary SeMet exposure resulted in significant up-regulation of liver CS mRNA transcript abundance in the 28.8 mg Se/g d.m. treatment group. Furthermore, a significant down-regulation of both liver and muscle HOAD mRNA transcript abundance was observed in both elevated dietary Se-Met treatments. This change in gene expression, along with the increased glycogen stores observed in the highly exposed fish, may be indicative of an impaired ability to use both glycogen and lipid energy stores in these tissues. Although CS expression increased in liver, glycogen stores were also increased suggesting that enzymes upstream of CS were impaired, leading to an inability to utilize this energy store. Further studies should examine expression or activity of glycogen phosphorylase and glycogen synthase in Se-Met treated fish to answer this question.
Fish exposed to excess Se in the form of selenite or Se-Met have shown impaired cellular methylation (Ma et al., 2012; Thomas et al., 2013) . In addition to protein dysfunction and oxidative stress, methylation could potentially be another mechanism of Se toxicity. In the present study we observed downregulation of hepatic MAT1A mRNA transcript abundance following elevated Se-Met exposure. MAT1A belongs to a family of enzymes that regulate the biosynthesis of S-adenosylmethionine (SAM), the principal methyl donor, and reduced MAT1A expression is a marker of both reduced SAM production and impaired methylation (Lu, 2000; Mato et al., 2002) . Methylation is known to be important in gene expression but also energy homeostasis (Lu, 2000; Mato et al., 2008) , and reduced methylation has been shown to cause increases in hepatic energy stores in fish (Espe et al., 2010) . In addition, changes in the epigenome are known to be associated with the onset and progression of cancer, autoimmune diseases, type 2 diabetes and, more notably, cardiovascular diseases (Arai and Kanai, 2010; Dozmorov et al., 2014; Nilsson et al., 2014; Timp and Feinberg, 2013; Whayne, 2014) . Although our results were consistent with those found in previous Se exposure studies in fish and mammalian liver (Hasegawa et al., 1996; Thomas et al., 2013; Zeng et al., 2011) , other studies have found opposing results of increased methylation with increased Se exposure (Davis et al., 2000; Uthus et al., 2006) . Further controlled experimental studies are needed to characterize whether excess Se exposure alters down-stream methylation reactions.
A potential limitation of this study was the lack of replicated tanks for each treatment, which was primarily due to logistical (space) considerations. This study did not examine population level effects, which would absolutely require an experimental design using replicated tanks. Tank replication also ensures that group differences are attributable to treatment effects, not random tank effects. Despite this limitation, this study saw clear dose-response relationships among several responses. This dose-response relationship argues against random tank effects and instead supports true Se-Met treatment effects.
CONCLUSION
In conclusion, this study demonstrated that exposure to environmentally relevant concentrations of dietary Se-Met can cause significant cardiotoxicity and impaired energy homeostasis in adult zebrafish. Se-Met exposure caused significant increases in echodensity consistent with fibrosis surrounding the AV valve, with accompanying reductions in stroke volume and cardiac output. In addition to these direct physiological effects, Se-Met produced effects at the cellular level, causing down-regulation of key methylation (MAT1A), vascular remodeling (MMP2), and metabolic (HOAD) gene expression. Based on the results of this study, a proposed adverse outcome pathway (AOP) is summarized in Figure 7 . Overall, these effects would impair the aerobic capacity of fish and have potential ecological consequences on overall fitness.
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